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Hundreds of thousands of tons of lead are discharged annually into the earth's

atmosphere in the exhaust gases of internal combustion engines fueled with leaded

petroleum, i.e., hydrocarbon mixtures supplemented with the antiknock agent lead

tetraethvl. From the atmosphere the metal, largely as oxides and salts, is washed

down by rain to the surface of the earth. The surface layer of the ocean, the eupho-
tic zone, is thus particularly susceptible to lead input. The possibly hazardous

effects of this element on phytoplankton have been studied for only a few species,

mostly hardy laboratory organisms; they indicated a rather high tolerance to lead

(Hessler, 1974; Malanchuk and Gruendling, 1973). However, even if lead at

present environmental levels in the ocean is not appreciably toxic, its uptake by
the phytoplankton, at the first level of the marine food chain, is of great ecological

importance, since such organisms may not only play a role in the geochemical dis-

tribution of lead, but also, by serving as food, transport the lead to higher trophic

levels. For example, lead-enriched algae can increase the lead content of a bivalve

mollusc, Mytilus cdnlis, to the same extent as elevated lead concentrations in the

surrounding medium ( Schulz-Baldes, 1974).
In this paper we indicate the high potential of certain algal cells to take up lead,

supplied at sub-toxic levels, quicklv and completely from the medium.

MATERIALS AND METHODS

Algal cultures

Axenic cultures of the diatom Phacodact\Inin tricorniituiii (originally isolated

by R. A. Lewin in Woods Hole, Massachusetts) and the green flagellate Platy-
inonas subcordiformis (originally isolated by R. A. Lewin from Morro Bay, Cali-

fornia) were grown in Erlenmeyer vessels at a constant temperature of 20 C. The
cultures were continuously shaken on a reciprocating shaker (120 oscillations/min)
and illuminated by "cool-white" fluorescent tubes (2000 lux).

The culture medium for Phaeodactylinn consisted of filtered local sea water

with, additions of potassium nitrate (1 g/1), sodium glycerophosphate (0.1 g/1),

and a trace-mineral solution containing Fe, etc. (Lewin and Lewin, 1967).
The culture medium for Platymonas consisted of filtered local sea water with addi-

tions of sodium glutamate (1.7 g/1), sodium glycerophosphate (0.1 g/1) and the

trace-mineral solution. For experiments on the uptake of lead, cells in the exponen-
tial phase were centrifuged from the enriched medium and resuspended in fresh,

unenriched sea water which had been filtered through a 0.45 /mi Millipore filter and

:n autoclaved. In this way, \ve attempted to minimize dictation of lead ions by
1 )TA or glutamate present in the culture medium, lo reduce interference by

other ; 'ions, and to retard cell multiplication.
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Lead was administered from a stuck solution containing 1 g Pb/1 (as chloride,
in 0.01 N HC1). After treatment with known concentrations of lead, some cell

samples were extracted with the chelating agent EDTA (prepared as a stock solu-

tion containing 0.2 M
) to determine how much of the adsorbed and/or absorbed Pb

could be readily eluted. After EDTAtreatment, in most experiments for one hour,
the cells and the medium were analyzed in the same way as the cultures described

below. During the experimental periods of 5-7 days the cell numbers, routinely
determined with a Coulter Counter, increased by only about 30%.

Lead determinations

The contents of lead in the algae and the medium were determined by flameless

atomic-absorption spectrophotometry. using a Perkin-Elmer model 403 with a heated

graphite tube HGA-2000 and a deuterium background corrector. The algae were

centrifuged from the medium, suspended in 0.1 N HC1, counted, transferred to a

smooth graphite tube, and assayed for their lead content by the method of standard

additions. The determination of lead in the medium was carried out after an ex-

traction step using a solution of 2% ammonium pyrrolidine dithiocarbamate

(APDC) and methyl isobutyl ketone (MIBK), according to a modification of the

micro-method of Kremling and Petersen (1974). The MIBK extract was mea-
sured in a grooved graphite tube.

In this paper the lead associated with the algae ("particulate" lead) is generally

given as mg lead bound to the algal cells contained in one liter of medium, allowance

being made for cell growth and biomass increase during the experiment. This value

can then be directly compared with the lead concentration in the medium (soluble

lead). However, in Figure 4 the lead content is expressed as /xg per gram dry

weight.

Dry weights per cell were estimated to be 2 X 10" 11
g for Phaeodactylum and

6 X 10 "
g for Platyinonas.

RESULTS

The course of lead uptake by I'latyinonas and Phaeodactylum in batch assays

exhibits two phases. In both species the first phase is a rapid increase in the lead

associated with the algae. Although the first measurement in the experiments illus-

trated in Figures 1 and 2 was not carried out until one hour after the addition of

lead, other experiments showed that the first phase takes only a few minutes. The

second phase shows a pattern which differs for the two algal species. The lead

content of Plat\monas, after a slight decrease in the first day, steadily increases

during the next 7 days, whereas after day 1 the lead concentration in the medium

remains very low (Table I). The lead content of Phaeodactylum in the second

phase increases until the second day, but then declines, and after day 2 there is a

corresponding increase in the concentration of lead in the medium (Table II).

The sum of the measured amounts of soluble and "particulate" lead was generally

less than the total amount of lead originally added to the medium : e.g., in media

initially containing 0.3 mg Pb/1, some 20% to 40% remained unaccounted for (see

Fig. 3). The "missing" fraction had probably been adsorbed to the surface of the

experimental vessel, from which it could later be desorbed, and subsequently taken

up by the algae, as the concentration of soluble lead decreased.
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FIGURE 1. Platymonas subconlifonnis : lead content (= "particulate" lead, expressed as

mg Pb bound to the algal cells contained in one liter of medium) of cells suspended in a medium

containing Pb (0.02-0.8 mg/1) and then untreated (left) or treated with 10^
2 M EDTA for

one hour (right), as a function of time. In all figures, the black triangles indicate the natural

lead content of the cells. Cell numbers per ml rose from 3.2 X 10" (day 0) to 4.5 X 10
8

(day 7).

The uptake during the first phase can be described by a Freundlich adsorption

isotherm x/m -- k X c", where .r is the amount adsorbed, in, the mass of adsorbent,

c, the concentration in solution, and k and n, the constants. The first equation can

be rearranged to give a straight line in a log-log plot : log .v/m -- log k + (n X log c) .

TABLE I

Pb concentration determined in medium, Platymonas subcordiformis, cultures.

Day
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FIGURE 2. Phacodactylmn triconiutuin : lead content of cells, as a function of time; see

legend to Figure 1. Cell numbers per ml rose from 7 X 10* (day 0) to 10 X 10
a

(day 5).

TABLE II

Pb concentration determined in medium, Phaeodactylum tricornutuni, cultures.

Day
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FIGURE 3. Platyinoiuis siihconlifonnis and Phaeodactylum triconnituni : lead budget in

percent of initial addition (0.3 mg Pb/1) as a function of time. S indicates soluble lead; P,

"particulate" lead, I'.r. lead associated with the algae ;
and P + S, sum of soluble and "particu-

late" lead.
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TABLE 1 1 1

Cells of Phaeodactylum tricornutum "saturated" at the sin-iucc with lead,

measured 10 initi after lead addition.

Cell number
(lO'cells/l)
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FIGURE 6. Phaeodactylum tricornutum : lead content of cells, previously exposed to 0.02 mg
Pb/1 for 5 min or 3 days, and then treated with 10~

2 M EDTA, as a function of time.

The capacity of Phaeodactylum cell surfaces to adsorb lead was determined by

supending cells for ten minutes in media containing a rather high concentration of

dissolved lead, removing them by centrifugation, and determining the amounts of

lead taken up. Despite differences in cell numbers and lead concentrations, we
found that the same amount of lead was adsorbed per cell (Table III), suggesting

a limited number of binding- sites. These were all occupied by a lead load of

11,640 /ig/g dry weight, equivalent to 2.3 X lO^ 13
g or 6.7 X 10 s Pb-atoms per cell.

Considering the surface of a Phacodactylnin cell as a frustum of a right double cone

20 /mi long and 6 to 3 /xm wide, with an area of 440 /xiir, we calculate that about

1.5 atoms of lead can be absorbed per nnr.

Only uncomplexed lead is available for adsorption, as demonstrated in an experi-

ment with different concentrations of EDTA added immediately before the lead

treatment. About 2 X 10" M EDTA completely inhibits lead uptake from a

0.5 X 10' 6 M solution (0.1 mg Pb/1) (Fig. 5). Probably other ions are chelated,

too, but even at lower EDTA concentrations some of the lead is eluted from the

algae after its initial adsorption. In order to test how tightly the lead is bound on

the algae, "leaded" cells were treated with 10 2 M EDTA. This high concentration

(which kills the algae within 24 hours) within 20 minutes reduces the lead content

the cells to a certain level which is evidently dependent on the previous time of

ead exposure (Fig. 6). The hound lead content of Phitynwnas and Phaeodactylum,

.,
that fraction which remains associated with the cells after a one-hour treatment

with IQ- 2 M EDTA, increases considerably with time (Figs. 1 and 2). In EDTA-
washed cells of Phacodactvlinn the lead content seems to be more or less constant
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after day 2. By contrast, in Platymonas the lead loss after EDTA treatment is

initially slightly higher than in Phaeodactylum, but later there is a distinct increase

in bound lead which, after about seven days, seems to reach an equilibrium at a

level much higher than in Phaeodactylum.

DISCUSSION

When a lead solution is added to sea water the metal becomes distributed between

the medium, the vessel surface, and (if enough is added) precipitates. At concen-

trations higher than 1 mg/1 in sea water, lead tends to he precipitated as carbonate

and phosphate. There is no loss by evaporation, as in the case of mercury (Davies,

1974). However, it is not known precisely in what chemical species the lead occurs

in such solutions. Zirino and Yamamoto (1972) reported that in sea water there

could be a variety of complexes : PbCO3 ,
PbCl +

,
PbCl 2 ,

Pb 2+
, PbCV and perhaps

PbOH+
. Complexing and chelation by organic ligands in natural sea water are

also to be expected, as pointed out in the case of copper by Davey, Morgan and

Erickson (1973). In algal cultures, some of the lead is adsorbed or absorbed by
the cells, and the fraction of chelated lead can be expected to increase if the cells

liberate anionic colloids as extracellular metabolites. In fact, Hellebust (1965) re-

ported that Phaeodactylum secretes up to 7% of the total assimilated carbon, some
of it as polysaccharides liberated from cell surfaces, which could act as binding

agents for lead.

The initial rapid increase in the lead content of the cells seems to he due almost

entirely to the physicochemical process of adsorption to the cell surface. Afterwards

the metal may proceed by active transport or by diffusion to other sites. Whether
there is a true uptake of lead into the cytoplasm, or whether the lead is only
hound to the cell wall or the plasma membrane, may have to be confirmed by micro-

chemical methods similar to those employed by Ophus and Gulvag (1974) in their

studies of lead uptake by the moss Khytidiadclphus squarrosus. By electron

microscopy in connnection witli X-ray microanalysis, they demonstrated the pres-
ence of lead and phosphorus within nuclear and chloroplast inclusions. The varia-

tion in the lead content of EDTA-treated cells also seems to indicate a change in

the location of the bound lead during extended periods of exposure to solutions

containing the metal. In both algal species there is a considerable increase, with

time, in the bound lead, i.e., that fraction which is not removable by EDTA, suggest-

ing that the metal is moving, or being translocated, into the cells. In a similar

way, Davies (1970, 1973) used this method to distinguish between iron or zinc

absorbed on the exterior surface, and intracellular metal ions.

In another respect our results exhibit a striking similarity to those obtained by
Davies (1973) on zinc uptake in PJiaeodactylinn. Loss of zinc from the cells begins

about 19 hours after zinc addition, leading Davies to postulate a reduction in the

number of zinc-binding sites (probably protein) within the cells as they go through
their growth cycle. We, too, noted such a decline in lead content, although in our

experiments the EDTA-treated cells show no loss of lead after the second day

(Fig. 2). (Possibly the released lead is not readsorbed because it is complexed
or chelated by organic material in the medium. The method we employed for the

determination of lead in the medium involves the use of a very strong chelating

agent, and thus does not distinguish between more weakly chelated and ionic lead.)
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Measurements of lead bound on the algae and lead in the medium never added

up to account for all of the lead originally added : in most cases only 60% to 80%
could be found. One possible explanation for the observed "loss" of Pb was its

adsorption on the walls of the glass vessels. To test this we assayed the dissolved

lead in an Erlenmeyer flask containing filtered and autoclaved sea water to which

lead (0.1 mg/1 ) had been added and which was continuously shaken and illuminated.

After 7 days the lead concentration in solution had decreased by 23% probably due

to adsorption on the glass. The adsorption characteristics of lead on borosilicate

glass have been described in detail by Struempler (1973). Presumably when algal

suspensions are assayed some of the cells and other organic matter also stick to

glass, thus further enlarging the adsorptive surface and scavenging more lead. On
the other hand, some of the previously adsorbed lead might be later released from

the vessel surface during depletion of lead in the medium by algal activity, and then

taken up by the cells. This may explain the increase in the lead content of the algae
while the concentration of dissolved lead in the medium was at a very low level.

In spite of this somewhat unsatisfactory balancing of the lead budget in our ex-

periments, we think we have demonstrated unequivocally that lead ions first are

quicklv and reversiblv bound to the cell surfaces, and only later penetrate to deeper
sites (from which they can be less readily dislodged with EDTA) where they may
be expected to exert their main biological effects.
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SUMMARY

1. Uptake of lead by Phaeodactylum tricornutmn or Platynioncis subcordiformis,

exposed to lead concentrations ranging from 0.02 to 0.8 mg/1, occurs in two phases.

2. The first phase, completed within minutes after addition of lead, can be

described by a Freundlich adsorption isotherm. The number of binding sites per
cell seems to be limited. Cells of Pliacodactylnni become "saturated" when the lead

burden reaches 11,640 /^g/g (dry weight), equivalent to about 6.7 X 10 s Pb atoms

per cell.

3. In the second phase, the lead content of Plotymonas cells continues to rise

slowly, whereas that of Phacodact\luni declines after two or three days.

4.' The addition of 2 >: 10 6 M" EDTA to a solution containing O.S X 10 '- M Pb

completely inhibits the uptake of the metal by Phaeodactylum cells. "When diatom

cells, pre-treated with lead, are resuspended in a higher concentration of EDTA,
10~-' M, much of the adsorbed lead is eluted. The longer the pre-treatment period

with lead, the less readily is the metal removed from the cells in this way.
5. Since in both species the content of bound lead, i.e., the residual lead burden

after EDTA extraction, increases with time, we suggest that during prolonged

-.;>osure to lead solutions the metal ions are first adsorbed to the cell surface and

then translocated to within the cell wall, to the plasma membrane, and eventually

to the cytoplastn.
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